Introduction
Reactive oxygen species damage biological molecules, including proteins, lipids and nucleic acids. Chronic and degenerative diseases, such as cancer, 1 heart disease 2 and Alzheimer's disease, 3 are thought to be caused, in part, by reactive oxygen species produced in the body. Fruits and vegetables contain large amounts of antioxidants, which inhibit the decomposition of biological molecules by eliminating reactive oxygen species. There is thus increasing interest in the relationship between the consumption of fruits and vegetables rich in antioxidants, and disease risk. In particular, it has been reported that the consumption of fruits and vegetables is inversely associated with lung-cancer risk among current smokers, 4 and with breast cancer risk in black women. 5 The oxygen radical absorbance capacity (ORAC) measures the scavenging capacity against peroxyl radicals induced by 2,2′-azobis(2-amidinopropane) dihydrochloride (AAPH) at 37 C using fluorescein as a fluorescence probe. 6 The time-course changes in the fluorescence intensity in each well of a 96-well micro plate are observed using a micro plate reader, and the protective effects of antioxidants are measured by assessing the area under the fluorescein decay curve for each sample, as compared to that of a blank in which no antioxidant is present. For an ORAC measurement, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) is used as a standard antioxidant, and the antioxidant capacity of the sample is expressed as Trolox equivalent (TE). It is widely accepted that ORAC is a useful method for assessing food extracts that contain various antioxidants, since the ORAC method provides a unique assessment in which the inhibition time and degree are measured as the reaction goes to completion. In addition, the method is considered to be of biological relevance, since the peroxyl radical contributes to the oxidative degradation of biological molecules in the body, and is produced from AAPH at neutral pH.
Hydrophilic oxygen radical absorbance capacity (H-ORAC) is a method for evaluating antioxidant capacities of solutions of hydrophilic compounds. In this study, we improved the original method for H-ORAC determination, and evaluated the precision of the two improved methods (methods A and B) by interlaboratory studies using 5 antioxidant solutions and 5 food extracts as test samples. An interlaboratory study of method A, in accordance with the harmonized protocol, demonstrated satisfactory performance (intermediate precision relative standard deviations (RSDint) ranging from 4.6 to 18.8%; the reproducibility relative standard deviations (RSDR) ranging from 7.0 to 21.1%, and the HorRat values ranging from 0.40 to 1.93). However, methodological problems remained, and a further improved method, method B, was thus developed. An interlaboratory study of method B by 5 participating laboratories showed better intermediate precision and reproducibility (RSDint and RSDR ranging from 1.8 to 9.4%, and from 4.4 to 13.8%, respectively), and all HorRat values for the test samples were less than 1.3, suggesting good performance for the H-ORAC measurement. and hydrophilic antioxidants are sequentially extracted from lyophilized food samples with lipophilic and hydrophilic solvents using an accelerated solvent extractor. 10 Using the ORAC method based on Wu et al., 10 the US Department of Agriculture measured the antioxidant capacities of 326 food items, and in the case of fruits and vegetables, the ORAC values for the hydrophilic fractions (H-ORAC) were typically much higher than those of the lipophilic fractions (L-ORAC). 10 Although Ou et al. 6 reported the results of a single laboratory validation of the H-ORAC method, an interlaboratory study of the H-ORAC method has only been performed by our group.
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In our interlaboratory study, 5 antioxidant solutions were used, and 11 laboratories participated. The reproducibility of the H-ORAC method based on Wu et al. 10 was relatively low, with reproducibility relative standard deviations (RSDR) ranging from 16.2 to 61.4%, while the intermediate precision of this method was satisfactory, with the intermediate precision relative standard deviations (RSDint) ranging from 5.4 to 13.2%. 11 These results suggest that the original H-ORAC method 10 has problems that decrease the reproducibility. Hence, in this study, we modified the original H-ORAC method, and evaluated the precision of these modified H-ORAC methods by interlaboratory studies based on the internationally harmonized protocol. 12 Our first approach, method A, showed satisfactory reproducibility, but still had a possibility for more improvements. Thus, we further modified the method (method B), and evaluated by multi-laboratory validation, which resulted in better intermediate precision and reproducibility.
Experimental

Reagents and chemicals
Fluorescein and Trolox were purchased from Aldrich (Milwaukee, WI). AAPH was obtained from Wako Pure Chemicals Ind. (Osaka, Japan). (+)-Catechin was purchased from Cayman Chemical (Ann Arbor, MI); caffeic acid, ferulic acid, and hesperetin were from Tokyo Chemical Ind. (Tokyo, Japan). All other chemicals were of reagent grade.
Test samples for interlaboratory study
Caffeic acid, (+)-catechin, ferulic acid, hesperetin, and Trolox were dissolved in MWA (methanol:water:acetic acid = 90:9.5:0.5) at a concentration of 1.00 g/L. Fruits and vegetables (cabbage, onion, apple, Satsuma mandarin and egg plant) were purchased from retail stores in Kumamoto, Japan, in August or September, 2009. Non-edible parts were removed, and aliquots of about 1.5 kg of each food were snap-frozen in liquid nitrogen. Frozen samples were lyophilized at -10 C, and were then pulverized using a grinder mill (GM-200; Retsch, Haan, Germany). These samples (1 g each) were extracted using an accelerated solvent extractor (ASE-200; Dionex, San Jose, CA), as described by Wu et al., 10 with some modifications. Briefly, each lyophilized sample was initially extracted with n-hexane and dichloromethane (1:1), followed by extraction with MWA. The resulting MWA extracts were made up to a volume of 25 mL with MWA, and the MWA extracts of 4 separated preparations were pooled and mixed. Aliquots (about 1.8 mL) of each antioxidant solution or extract were portioned into 25 glass vials; 5 vials were used for the homogeneity test, and the remainder was stored at -80 C until transport to the participants. Antioxidant solutions and food extracts were prepared prior to each interlaboratory study.
Homogeneity of the test samples
From each test material, 5 samples (units) were taken at random from the filling sequence, and each sample was split into 2 equal parts (unit subsamples). H-ORAC values of each unit subsample were measured as described below, under repeatability conditions, i.e., the same method on identical test items in the same laboratory by the same operator using the same equipment within a short time scale.
The within-and between-unit standard deviations for the H-ORAC values were calculated by one-way analysis of variance (ANOVA) and by applying the F-test at the 95% confidence level. All of the p values of the test materials for the validation study were larger than 0.05, indicating that the samples were homogeneous.
Stability of the test samples
The stability of the antioxidant solutions and food extract was verified prior to the interlaboratory study. Antioxidant solutions and food extracts were prepared in a similar way as described above, and about 1.8 mL aliquots of 10 vials were prepared. Five vials were maintained at 4 C for 4 weeks, and the remainder was kept at -80 C, at which their stability was found to be good, and used as reference samples. At the end of the study, samples were immediately analyzed along with reference samples. No significant changes in the H-ORAC values by applying the t-tests were observed in the test materials during storage at 4 C for 4 weeks.
Consequently, after preparation, all test samples were stored at -80 C. All test samples were packed in insulated boxes, along with a cooling bag, and sent to participants in chilled containers. Upon receipt of the test samples, participants were asked to immediately store test samples in a freezer (-20 C) until use. In addition, samples had to be analyzed within 3 weeks, ensuring adequate stability.
H-ORAC measurement by method A
Test samples were diluted with an assay buffer solution (75 mmol/L phosphate buffer, pH 7.4), as necessary. Trolox calibration solutions (50, 25, 12.5, and 6.25 μmol/L in assay buffer solution) were made to obtain a standard curve. Diluted test samples, Trolox calibration solution or assay buffer solution (blank) (35 μL), were added to the wells of the 96-well plate (Becton Dickinson, NJ) according to the plate layout shown in Fig. 1 . Fluorescein (115 μL, 110.7 nmol/L), and AAPH (50 μL, 31.7 mmol/L) were added to the 96-well plate, and then incubated at 37 C. The fluorescence intensity (excitation at 485 nm, emission at 528 nm) was monitored every 2 min for 90 min by a micro plate reader (information on the plate readers used by the participants is given in Table S1 , Supporting Information) after putting a micro plate seal (NJ-500; Takara Bio, Otsu, Japan) on the micro plate. The area under the curve (AUC) of the fluorescence decay from 8 to 90 min after the addition of AAPH was calculated for each well. The net AUC was calculated by subtracting AUC for the sample or standard from that for the blank. A calibration curve was constructed from the net AUCs of Trolox standard solutions, and a power approach was fitted to the results. The H-ORAC value for each antioxidant solution was calculated on the basis of the standard curve for Trolox.
H-ORAC measurement by method B
H Fig. 2A , and then H-ORAC was measured in the same way as method A. The approximate H-ORAC value for each antioxidant solution was calculated on the basis of the standard curve for Trolox in the same way as method A. The second-step measurement was performed to measure the net AUCs at two optimal dilution ratios (lower and higher dilution ratios) settled by the approximate H-ORAC value obtained in the first-step measurement. The approximate H-ORAC value was divided by 25, and rounded to two significant digits; this value was used as a lower dilution ratio.
The sample solution with a lower dilution ratio was 2-times further diluted with 10% (v/v) MWA in the assay buffer solution, and used as that with a higher dilution ratio. The sample solution with lower and higher dilution ratios, Trolox calibration solution or blank (35 μL) were added to the wells of the 96-well plate according to the plate layout shown in Fig. 2B . The fluorescence intensity of each well of the 96-well micro plate was monitored after the addition of fluorescein and AAPH solutions in the same way as the first-step measurement. The H-ORAC value of the sample solution was finally determined based on the converged dilution ratio, which shows the same net AUC as 20 μmol/L Trolox by plotting the dilution ratios against their net AUCs in a double-log diagram.
Interlaboratory study An interlaboratory study of method A was performed in accordance with an internationally harmonized protocol, 12 which is recommended by CAC/GL 28, 14 participating laboratories. The precision of method B was determined by an interlaboratory study among the laboratories that also participated in the interlaboratory study of method A (5 laboratories).
For the interlaboratory study, 5 antioxidant solutions and 5 food extracts were used. Participants received a shipment containing 20 containers of test samples; two sets of test samples in which one set consisted of 5 antioxidant solutions and 5 food extracts. Each sample was provided as randomly labeled, blind duplicates, and each contained a test portion. Participants were also provided with a method protocol and an electronic evaluation and reporting sheet (MS Excel format). The 10 test samples were analyzed once (total of 20 analyses) under the conditions described in the provided method protocol. Duplicated samples were requested to analyze on separate days.
Participants were requested to follow the method protocol exactly, and to analyze duplicate sample solutions on separate days. However, both H-ORAC methods gave some freedom to select the procedural parameters within certain limits, such as the direction of fluorescence detection, and the use of an automatic dispenser on the micro plate reader. Information on the plate readers used by the participants is given in Table S1 .
Statistical analyses of interlaboratory study data
All data sets, except for those from the laboratories, which did not follow the protocol, were subjected to the statistical tests described in an internationally harmonized protocol, which is recommended by CAC/GL 28, using the Cochran test to identify outlying variances, and the single and double Grubbs tests to detect outlying data set averages. The one-tail test at a probability value of 2.5% was applied to the Cochran test, and that at a probability value of 1.25% was applied to single and double Grubbs tests. Outlier removal was stopped before more than 2/9 laboratories were removed.
Results and Discussion
In our previous study, the precision of the H-ORAC method based on the original protocol of Wu et al. 10 was evaluated by an interlaboratory study. 11 The results showed a satisfactory intermediate precision (RSDint ranging from 5.4 to 13.2%), but poor reproducibility (RSDR ranging from 16.2 to 61.4%). We found that: (i) positional variances within a 96-well micro plate were observed; for example, the net AUCs of the same sample tended to be higher in outside wells than inside wells of the same plate; and (ii) the tendencies of these positional variances differed among the laboratories, probably owing to differences in the thermo-regulating properties of the micro plate readers used, since the generation of radicals from AAPH is sensitive to temperature. The low reproducibility of the original H-ORAC method thus appeared to come from these laboratory-specific positional variances. To overcome this issue, we proposed method A, in which a plate seal was placed on the plate throughout the measurement. The use of a plate seal improved the thermal heterogeneity within the plate, and drastically reduced the positional variances among the wells (data not shown). It is suggested that the plate layout has less effect on the positional variances in methods A and B when compared with the original method. Thus, a sample solution with different dilutions was arranged lengthways for better operationality.
Interlaboratory study of H-ORAC measurement according to method A
No negative comments were received from any of the participating laboratories. Calibration lines, obtained from analysis of calibration standards, showed good correlation, with the square correlation coefficient (R 2 ) being more than 0.99. Individual values obtained at the 14 participating laboratories in the determination of antioxidant solutions and food extracts are given in Tables S2 and S3 (Supporting Information), respectively.
All data sets, except for those from two laboratories, which did not follow the protocol, were subjected to statistical tests described in the Protocol for the Design, Conduct and Interpretation of Method Performance Studies, 12 using the Cochran test to identify outlying variances, and the single and double Grubbs tests to detect outlying data set averages. The results from two laboratories for eggplant extract, and one laboratory for Satsuma mandarin extract were removed as Cochran outliers (Table S3 ). The results for hesperetin solution, cabbage extract, and onion extract from one laboratory were removed as single Grubbs outliers (Tables S2 and S3) . Calculations for the intermediate precision and reproducibility, as defined by the protocol, 12 were performed on those results remaining after the removal of outliers. RSDint of the antioxidant solutions and food extracts ranged from 5.0 to 18.8%, and from 4.6 to 13.3%, respectively ( Table 1 ). The RSDR of antioxidant solutions and food extracts ranged from 7.0 to 21.1%, and from 8.1 to 17.7%, respectively ( Table 1 ). The RSDint values of ferulic acid solution and cabbage extract were higher than the RSDR values. It has been reported that the repeatability was poorer than the reproducibility in some cases in an interlaboratory study of the quantification method for genetically modified maize and soybean, and that the use of a micro plate for qualitative PCR was suggested to be one of the reasons for such a phenomenon. 13 It is suggested that use of a micro plate for the , where C is the commonly measured concentration of the analyte in the sample, expressed as a mass fraction. Because the H-ORAC value is the relative antioxidant capacity of a sample to that of Trolox, 1 g of antioxidant was occasionally equivalent to more than 1 g of Trolox, i.e., C becomes higher than 1. In method A, the sample solution was arbitrarily diluted to the decrease in the net AUC within the calibration standard, and thus the antioxidant capacity in the TE concentration of the diluted solution was independent of the analyte. Therefore, the predicted RSDR of each sample was calculated from the highest concentrations of the Trolox standard solution, i.e., 50 μmol/L, which gave the smallest predicted RSDR. The mass fraction of 50 μmol/L Trolox was calculated by multiplying the volume concentration by the molecular weight of Trolox, and the predicted RSDR was calculated to be 10.94%, according to the Horwitz equation. The HorRat value, the ratio of RSDR (measured) to the predicted RSDR (Horwitz) , gives a comparison between the actual precision and the precision predicted by the Horwitz equation. The calculated HorRat values can be used as a performance parameter, indicating the acceptability of the precision of the method. A HorRat value of <2 usually indicates satisfactory reproducibility, whereas a value of >2 usually indicates unsatisfactory performance of the method. The HorRat values of antioxidant solutions and food extracts ranged from 0.64 to 1.93, and from 0.74 to 1.62, respectively (Table 1 ). All HorRat values of antioxidant solutions and food extracts were lower than 2, thus indicating that the H-ORAC measurement by method A was validated by an interlaboratory test in accordance with the internationally harmonized protocol. 12 The H-ORAC values of all antioxidant solutions, except for hesperetin solution, cabbage extract, and apple extract were positively correlated with the dilution ratios used in each participating laboratory (P < 0.05). Thus, the H-ORAC values appeared to be affected by the dilution ratio. In method A, the dilution ratio of the sample was arbitrarily set as long as the H-ORAC value could be calculated from at least one diluted sample. Hence, we further developed method B, in which the dilution the ratio of the sample solution was almost consistent among the laboratories.
Interlaboratory study of H-ORAC measurement according to method B
The improvements in method B from method A were: (i) the use of a dilution buffer solution containing MWA to eliminate interference by MWA; and (ii) a two-step measurement to converge the dilution ratio of the sample solution among the laboratories. The interlaboratory study of method B was performed by 5 laboratories that had participated in the interlaboratory study of method A. We confirmed that the results from these 5 laboratories obtained for method A were not superior in intermediate precision and reproducibility when compared with the other laboratories (data not shown).
In method B, H-ORAC values were calculated by two-step measurements. The preliminary measurement was performed in order to estimate the approximate H-ORAC value of each sample, and the second-step measurement was performed to measure the net AUCs at the optimal dilution ratios settled by the approximate H-ORAC value obtained in the preliminary measurement. The H-ORAC value was finally determined based on the converged dilution ratio, which shows the same net AUC as 20 μmol/L Trolox by plotting the dilution ratios against their net AUCs in a double-log diagram.
No negative comments were received from any of the participating laboratories. Calibration lines, obtained from the analysis of calibration standards, showed good correlation, with R 2 being more than 0.99. The individual values obtained by the 5 participating laboratories in the determination of antioxidant solutions and food extracts are given in Tables S4 and S5 (Supporting Information), respectively.
All data sets were used to calculate the intermediate precision and reproducibility. RSDint of the antioxidant solutions and food extracts ranged from 2.3 to 8.0%, and from 1.8 to 9.4%, respectively ( Table 2 ). RSDR of the antioxidant solutions and food extracts ranged from 4.7 to 7.7%, and from 4.4 to 13.8%, respectively ( Table 2 ). The dilution ratios used for the final determination of H-ORAC values for (+)-catechin solution ranged from 2426 to 3005 in method B, but were 800 to 8000 in method A. This suggested that improvements in the intermediate precision and reproducibility were at least partially due to convergence of the dilution ratio of sample solutions among the laboratories. The difference in the average H-ORAC value for Trolox solution from the theoretical value (3876 μmol TE/L) was 205 μmol TE/L, and was smaller than that in method A. HorRat values of the antioxidant solutions and food extracts ranged from 0.43 to 0.70, and from 0.40 to 1.26, respectively ( Table 2 ). All HorRat values of the antioxidant solutions and food extracts were less than 2. All RSDint and RSDR values, except for those of cabbage extract, were smaller in method B than method A (Tables 1 and 2 ). These results suggested that the H-ORAC measurement by method B possessed better intermediate precision and reproducibility than that by method A. The results of interlaboratory studies and the characteristics of the original method, method A, and method B are summarized in Table 3 . We believe that method B represents an improved approach for the H-ORAC method. SUNATEC).
Supporting Information
H-ORAC values of each laboratory in the interlaboratory study of methods A and B, and variation in plate reader parameters between laboratories. These materials are available free of charge on the Web at http://www.jsac.or.jp/analsci/. 
